Transpiasmic lines, in which the original mitochondrial DNA (mtDNA) had been completely replaced by the mtDNA of the donor, were constructed to test for selection on mtDNA variants and to investigate the effects of nuclear-cytoplasmic interactions in Drosophila simulans. These lines were used to set up 12 experimental populations putting in competition two mtDNA variants with two different starting frequencies. Population cages were maintained for 20 generations and periodically sampled to monitor haplotype frequencies. Evidence is provided for a complete reversal of the forces acting on the frequency dynamics of the mtDNA variants according to the lines used to establish the population cages. In the cages where the competing lines had both the original nuclear and mtDNA, the sill type mtDNA variant seemed to be favoured but the situation was reversed when this variant was put in a different nuclear background.
Introduction
Mitochondrial DNA variants are often implicitly considered to be neutral markers and used as such in population studies but molecular analyses suggest that not all mtDNA mutations are neutral. A large part of the molecule seems to be under selective constraints. Substitutions seem in fact to occur more frequently in some regions than others (Simon, 1991) but it is still not clear whether they can affect individual fitness and whether these effects depend also on the involvement of nuclear genes.
Examples of mtDNA variants with phenotypic expression are known mainly in plants and yeast and in a few cases in mammalian cells and in maternally-transmitted human diseases (Beale & Knowles, 1978; Dewey et al., 1986; King & Attardi, 1988; Zeviani et a!., 1989) .
Experimental tests to detect selection on mtDNA have mostly used competition in population cages. The results were explained, in one case, by incompatibilitycausing microorganisms in the founding line, with no need to invoke selection on mtDNA (Nigro & Prout, 1990) . However, in other cases (MacRae & Anderson, 1988; Fos et al., 1990 ) they seemed to be due to 582 nuclear-cytoplasm interactions rather than to selection on the mtDNA variants per Se.
At the biochemical level, nuclear and mitochondrial genes must be integrated in their expression (the mitochondrial protein ATPase, cytochrome oxidase and cytochrome b have subunits encoded also by nuclear genes). Thus any attempt to address the adaptive significance of mtDNA variants should consider the importance of the nuclear-cytoplasmic interactions.
In principle, if different selective pressures on mtDNA variants exist, they could result in geographical variation, different haplotypes being favoured and predominating in different areas.
Indeed, the distribution of D. simulans mtDNA variants has revealed a very puzzling situation (BabaAissa et a!., 1988). Most individuals collected from all over the world showed the same restriction pattern (sill type). Two different cleavage morphs (siT and silli types) were detected only in individuals from IndoPacific islands.
This situation has been recently confirmed by Satta and Takahata (1990) emphasizing the long persistence times of these distinct types of mtDNA in D. simulans. The three distinct ancestral lineages have been present in this species for over one million years, which seems too long for neutral lineages to persist in a randomly mating population. To inquire further into this anomalous situation, and keeping in mind also the importance of the nuclear-cytoplasmic interaction, a population cage experiment has been performed to measure the fitnesses of two different mtDNA variants of D.
simulans.
Materials and methods

Drosophila strains
Two different strains were used in the experiment. One of the strains belonged to the sill type, the most common one, and was collected in 1985 in Padova (Italy) and the other one to the rare morph, siIII type, and was collected in Nasr'allah (Tunisia, Africa) in 1983 (kindly provided by Catherine MontchampMoreau).
Both strains were tested to exclude any bacterial infection that could affect the compatibility of the crosses (Hoffmann et al., 1986) by making reciprocal crosses between the strains and counting the resulting progeny, as shown elsewhere (Nigro & Prout, 1990) .
It is known (Baba-Aissa et al., 1988 ) that the mtDNA of the two strains shows a different restriction pattern when digested with HpaII which allows an easy characterization of the two variants by subjecting the digests to electrophoresis on 0.8 per cent agarose gel and staining it with ethidium bromide.
The importance of the interaction between nuclear and mitochondrial genomes has been investigated using transplasmic lines. The lines were obtained by injecting, before pole cell formation, the cytoplasm from the eggs of sill type into the posterior end of eggs of siIlI type according to the technique described by Santamaria (1987) , as reported elsewhere (Nigro, 1991) .
As the sill type and silli type mtDNA restriction patterns differ after digestion with HpalI it is possible to test the success of cytoplasm transfer by looking for the heteroplasmy. Several different sublines were established from an injected heteroplasmic female. Some of them remained heteroplasmic whereas some reverted to the original mitochondrial state and some switched to the mitochondrial morph of the donor strain. In the last case the original nuclear-mitochondrial DNA association was disrupted (Fig. 1 ).
The transplasmic line used in the experiment (5Ihinjected) had the sill type mtDNA of the donor line from Italy on the nuclear background of the acceptor silil type from Tunisia. Reciprocal crosses were made between the founding lines in order to randomize the mtDNA differences with any nuclear genetic differences. The progeny lines from these crosses were then expanded to build the population cages.
Population cages and experimental design Twelve population cages, each with 700 inseminated females, were established in four different ways, as summarized in Table 1 , and kept at a constant temperature of 23°C. The cages were made of plexiglass (dimensions 30 X 20 X 15 cm) with 12 openings for 4 X 11 cm bottles with medium made of sucrose, agar, brewer's yeast and nipagin mold inhibitor. A continuous population was maintained by exchanging 6 bottles with fresh medium for the set of 6 older bottles every 20 days.
The initial frequency of the siTu haplotype was 0.7 or 0.3 with three replicates for each set. In two sets of cages the suIT type was put in competition with the 5hllinjected type while in the other two sets it was in competition with the sill type.
Samples (Y/2) where Y is in radians (Fos et al., 1990) . As each population cage was founded with 700 females, a sample of 2000 (Nf) breeding females for each generation seemed sufficient for the analyses. The effective population size is usually considered to correspond roughly to the number of breeding individuals and for mtDNA, which is maternally transmitted, that corresponds to the number of breeding females.
Results
The frequency changes of the siTu type in the 12 replicates for the four sets of cages are shown in Fig. 2 . The directional trends observed in the two kinds of competition were completely different. In the cages where the competition was between strains having both of the original nuclear-cytoplasmic associations, the frequency of the siTu type mtDNA decreased in all the replicates whereas it increased when it was in competition with the transplasmic strain having the sill mtDNA type in the silil type nuclear background.
As the total G test (d.f. = 6) among the replicates measured for each of the four different sets of cages was never significant, the values were combined (Fig.   3 ). The sill haplotype placed with its own nuclear background tends to be positively selected but is negatively selected when put in the nuclear background of the other strain. The disruption of the nuclear-cyto- plasmic association seems to determine a complete reversal of the trend for the sill frequency changes.
The Z values, measuring mtDNA frequency changes, departed significantly from the null hypothesis of neutral drift for the four test generations, except females that for mtDNA can be put equal to the effective population size for organelle genes (Fos et at., 1990) . According to Hartl and Clark (1989) s values larger than 1/Nf can suggest the existence of some sort of selection to explain the frequency changes observed.
In the cages with flsiIII) of 0.7 there is no evidence of selection.
Discussion
The issue of the selective effects of the mtDNA polymorphism has been addressed both at the theoretical and the experimental level (Gregorious & Ross, 1984; Clark, 1984 Clark, , 1985 Clark & Lyckegaard, 1988) . It is known that the rate of nucleotide substitutions can be very different in different regions of the mtDNA but the possible adaptive significance of the organelle DNA variation in higher eukaryotes is still under debate. In their study Clark and Lyckegaard (1988) analysed the influence of cytoplasmic variation on viability in D. melanogaster. They observed a significant nuclear-cytoplasmic interaction on second chromosome segregation in the experiment using flies of diverse geographical origin but it was not possible to ascribe the cytoplasmic effect with certainty to mtDNA.
MacRae and Anderson (1988) used population cages and put in competition two mtDNA variants of D. pseudoobscura. They suspected some sort of sporadic selection for mtDNA could be taking place but it was the 'last resort' explanation. They also suggested that both nuclear and mitochondrial genomes could be involved in the mtDNA frequency changes observed in the population cages. A similar experiment carried out by Fos et at. (1990) once again showed the importance of the nuclear background with which the mtDNA is associated in explaining the frequency changes observed.
While in all these cases there was no clear evidence of selection acting on mtDNA differences, the importance of the cyto-nuclear association was always evident.
The involvement of different factors in the cross-talk between nuclear and mitochondrial genomes has been recently shown in the case of human mitochondrial myopathy where a nuclear-coded protein can determine deletion of the mitochondrial genome in a heritable way (Zeviani etat., 1989) .
Apart from Drosophila (De Stordeur et at., 1989; Niki et at., 1989) , replacement of the resident mtDNA by an exogenous one has been obtained only in human cells (King & Attardi, 1989) where the transformation appeared to have effects on fitness. The transformants were in fact drug-resistant whereas the donor cells were very sensitive. It was also shown that differences in reciprocal compatibility of the nuclear and mitochondrial genomes played a crucial role in determining the growth rate of different classes of transformants.
The results shown here suggest both nuclear-cytoplasmic interaction, with nuclear effects acting in different directions in each cytoplasm, and selection on mtDNA.
The frequencies of the sill type mtDNA changed in opposite directions depending on the nuclear background with which it was associated. It was positively selected only when kept with its own nuclear background, suggesting that the type II nuclear genes were outcompeting the type III nuclear genes, in agreement with previous observations (Solignac et at., 1984 (Solignac et at., , 1987 The selective parameters estimated on the basis of the linear model suggest selection effects on the frequency variation of the two variants. As the number of organelles can be represented by the number of breeding females (Nf), and knowing that any selective value bigger than 1 /Nf could suggest the action of selection (Hartl & Clark, 1989; Fos et at., 1990) , it is possible to ascribe the frequency changes observed in the cages with flsiIII) of 0.3 to some sort of selection.
The asymmetry of the selection operating in one case in favour of the sill type and in the other case against it stresses the risk of confusing selection acting on mtDNA variants alone, with effects also due to nuclear-cytoplasmic interaction. Most of the mitochondrially-coded proteins are subunits of enzymes for which the other subunits are encoded in the nucleus; the associations between subunits can determine strong cyto-nuclear interactions.
The construction of transplasmic lines, in which the original mitochondrial DNA is completely replaced by the mtDNA of the donor, can be a useful tool to clarify the two-way communication between the nucleus and the cytoplasm and to give additional evidence for the gene-cytoplasm interactions that could affect fitness components. Further experiments with different and controlled combinations of nuclear and mitochondrial DNA could provide more information about the level of compatibility between nuclear and mitochondrial genomes and also give insight into the functional effects of nuclear coded factors on mtDNA.
